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Atomic force microscopyThe biological membrane that surrounds the milk fat globules exhibits phase separation of polar lipids that is
poorly known. The objective of this study was to investigate the role played by cholesterol in the organization
of monolayers prepared as models of the milk fat globule membrane (MFGM). Differential scanning calorimetry
and X-ray diffraction experiments allowed characterization of the gel to liquid crystalline phase transition
temperature of lipids, Tm ~35 °C, in vesicles prepared with a MFGM lipid extract. For temperature below Tm,
atomic force microscopy revealed phase separation of lipids at 30 mN·m−1 in Langmuir–Blodgett monolayers
of the MFGM lipid extract. The high Tm lipids form liquid condensed (LC) domains that protrude by about
1.5 nm from the continuous liquid expanded (LE) phase. Cholesterol was added to the MFGM extract up to
30% of polar lipids (cholesterol/milk sphingomyelin (MSM) molar ratio of 50/50). Compression isotherms evi-
denced the condensing effect of the cholesterol onto theMFGM lipidmonolayers. Topography of themonolayers
showed a decrease in the area of the LC domains and in the height difference H between the LC domains and the
continuous LE phase, as the cholesterol content increased in the MFGM lipid monolayers. These results were
interpreted in terms of nucleation effects of cholesterol and decrease of the line tension between LC domains and
LE phase in the MFGM lipid monolayers. This study revealed the major structural role of cholesterol in the MFGM
that could be involved in biological functions of this interface (e.g. mechanisms of milk fat globule digestion).
© 2015 Elsevier B.V. All rights reserved.1. Introduction
Lipids are secreted in milk in the form of colloidal biological
assemblies, the milk fat globules (~4 μm diameter; [1]). The interface
between the triacylglycerol core of milk fat globules and the aqueous
phase is a biological membrane involved in the mechanisms of milk
lipid digestion. Further studies are necessary to better understand the
relation between the structure of the milk fat globule membrane
(MFGM) and its functions.
The composition and structure of the MFGM depend on the mecha-
nisms of milk fat globule secretion by the lactating mammary cells [2].
The MFGM is composed of glycerophospholipids (i.e. phosphatidylcho-
line, PC; phosphatidylethanolamine, PE; phosphatidylinositol, PI; and
phosphatidylserine, PS), sphingolipids (mainly milk sphingomyelin,
MSM), cholesterol and membrane-speciﬁc proteins [1,3]. The ﬁve
main classes of milk polar lipids (PC, PE, PI, PS, MSM) are characterized
by a wide diversity of saturated and unsaturated acyl moieties [4]. TheTechnologie du Lait et de l'Œuf,
ez).MFGM components are distributed in a trilayer organization: a mono-
layer originating from the endoplasmic reticulum is in contact with
the triacylglycerol core of fat globules and an outer bilayer resulting
from the envelopment of fat globules in the apical plasma membrane
of themammalian epithelial cells [2]. As for other biologicalmembranes
(e.g. in human erythrocyte — [5]), authors reported an asymmetry in
the localization of polar lipids. MSM, PC and cholesterol are preferably
located in the outer bilayer of the MFGMwhile PE, PI and PS are mainly
concentrated on the inner monolayer of the MFGM [6]. In recent years,
structural investigations performed by confocal microscopy revealed
lateral heterogeneities attributed to phase separation of polar lipids in
the outer bilayer of theMFGM surrounding fat globules in situ in bovine
milk [1,7,8], human milk [9,10] and buffalo milk [11]. In this approach,
the continuousﬂuorescent phasewas interpreted as a ﬂuid liquid disor-
dered matrix mainly comprised of unsaturated glycerophospholipids
(PC, PE, PI, PS), while the non-ﬂuorescent areas were thought to corre-
spond to gel phase domains of polar lipids with high phase transition
temperatures, such as MSM but also saturated PC, or to liquid ordered
(lo) phase domains in presence of cholesterol [1,8].
The functional role of cholesterol in theMFGM is poorly understood,
despite the fact that cholesterol is known to play a crucial role in the
2309A.V.R. Murthy et al. / Biochimica et Biophysica Acta 1848 (2015) 2308–2316lateral organization of lipids and formation of lipid rafts in mammalian
cell membranes. Cholesterol strongly affects arrangements of
membrane polar lipids, namely through decreasing the area occupied
per phospholipid (condensing effect) and through blocking the lateral
arrangement into lo phase (ﬂuidizing effect — [13]). Recently,
atomic force microscopy (AFM) investigation of binary MSM/
dioleylphosphatidylcholine (DOPC) and ternary MSM/DOPC/cholester-
ol model membranes of the MFGM showed that cholesterol modiﬁes
the morphology of the MSM domains and reduces the resistance of
membrane bilayers to perforation [14].
The molecular organization of membrane phospholipids and
cholesterol mixtures, models of biological membranes, is frequently
studied in Langmuir ﬁlms formed at the air/water interface. By using
this technique, the condensing and ordering effect of cholesterol on
membrane lipids has been widely investigated [15–17]. Moreover, the
combination of Langmuir ﬁlms with structural methods, e.g. microsco-
py, provides information on phase coexistence and domainmorphology
[16,17]. The interpretation of the results obtained on multicomponent
monolayers is more complicated as compared to binary phospholipid/
cholesterol ﬁlms, however they better reﬂect the complex composition
and properties of membranes. Various MFGM extracts were
investigated using Langmuir ﬁlms and Langmuir–Blodgett monolayers
to study the phase behavior of lipids [12]. The role of cholesterol on
MFGM lipid extracts remains to be investigated to better understand
the lateral segregation of lipids in the MFGM.
In this work, we determined the thermotropic phase behavior of
lipids in a MFGM lipid extract and identiﬁed the lipid phases, using
differential scanning calorimetry and X-ray diffraction respectively.
These experiments showed that high phase transition temperature
polar lipids contained in theMFGM lipid extract (i.e.MSMand saturated
glycerophospholipids such as DPPC and POPE) are in an ordered phase
for T b 25 °C. The properties ofMFGM lipids in the presence of cholester-
ol at various concentrations were analyzed as a function of surface
pressure using Langmuir ﬁlms at 20 °C. The lateral segregation of lipids
was characterized at the surface pressureπ=30mN·m−1, which is rel-
evant for biological membranes such as the MFGM, and the role of cho-
lesterol was investigated by probing Langmuir–Blodgett isotherms
using AFM imaging.2. Materials and methods
2.1. Materials
Sphingomyelin from bovine milk (MSM; N99%), cholesterol (Chol;
from ovine wool, N98%), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE)
were purchased from Avanti Polar Lipids (Alabaster, AL) and used as
received. The MFGM lipid extract used in this study contained milk
polar lipids with the following relative weight percentages: 38.7%
MSM, 31.6% PC, 23.5% PE, 3.4% PI and 2.8% PS. These milk polar lipids
were characterized by a large range of acyl moieties, as previously
reported [4]. Knowing the individual molecular weights (MW) of milk
polar lipids, the molar-averaged MW of the MFGM extract polar lipid
molecules was calculated to be 757.4 g·mol−1. This value was used
for calculations throughout the paper. The cholesterol content of the
MFGM lipid extract was low, i.e. 1.34 wt.% of polar lipids, and was
neglected in further calculation. PIPES 10 mM (1,4-piperazinediethane
sulfonic acid; purity ≥ 99%; Sigma Aldrich, Milwaukee, WI, USA) buffer
was prepared with NaCl 50 mM (Sigma) in Milli-Q water and adjusted
to pH 6.7 using NaOH 5 M.
For differential scanning calorimetry (DSC) and X-ray diffraction
(XRD) experiments, the MSM, DPPC, POPC, POPE and MFGM lipid
extract powders were hydrated with PIPES buffer at 65 °C to reach a
ﬁnal concentration of 20 wt.% lipids for MSM, DPPC, POPC, POPE and40 wt.% lipids for MFGM. The dispersions were thoroughly mixed in a
vortex stirrer at 65 °C to form multilamellar vesicles.
For monolayer experiments, samples were prepared by dissolving
appropriate stock solutions of MFGM lipid extract or cholesterol in
chloroform/methanol (4/1 v/v) and mixing them to reach molar pro-
portions of MSM/cholesterol from 100/0 to 50/50, corresponding to 0–
26.8 mol.% cholesterol on a total MFGM polar lipids basis. The organic
solvent was then evaporated under a stream of dry nitrogen at 50 °C.
The samples were stored at−20 °C before use.
2.2. Differential scanning calorimetry (DSC)
The thermotropic properties of MSM, DPPC, POPC, POPE and MFGM
multilamellar vesicles were determined by DSC using a DSC Q1000
apparatus (TA Instruments, Newcastle, DE). The calibration of the
calorimeter was performed with indium standard (melting point =
156.66 °C, ΔH melting = 28.41 J·g−1). The samples were introduced
in 20 μL aluminum pans hermetically sealed after sample introduction.
An empty pan was used as a reference. The samples were heated at
2 °C·min−1 from −10 °C to 70 °C. For MFGM, cooling recordings
were performed at 2 °C·min−1. All the thermal measurements were
performed in triplicate. The temperature of phase transition was taken
at the peak maximum (Tm) on heating and at the peak minimum on
cooling (Tc), using TA Universal Analysis program (Universal Analysis
2000, v 4.1 D).
2.3. Temperature controlled synchrotron radiation X-ray diffraction (XRD)
X-ray scattering experiments were performed on the SWING
beamline at synchrotron SOLEIL (Gif-sur-Yvette, France). A two-
dimensional detector with sample to detector distance of 521 mm
allowed the recording of XRD patterns in the range 0.08 Å−1 to
1.8 Å−1, thus covering both the small and wide-angles regions of inter-
est to characterize the lamellar structures and to identify the packing of
the fatty acid chains respectively. Diffraction patterns displayed a series
of concentric rings as a function of the radial scattering vector q = 4 π
sinθ/λ, where 2θ is the scattering angle and λ the wavelength of the
incident beam. The channel to scattering vector q calibration of the
detector was carried out with silver behenate [18]. Small volumes
(around20 μL) of samples containingMSMorMFGM lipidmultilamellar
vesicleswere loaded in thin quartz capillaries of 1.5mmdiameter (GLAS
W. Muller, Berlin, Germany) and inserted in the set-up at a controlled
temperature, i.e. T = 6 °C b Tm and T = 60 °C N Tm.
2.4. Pressure (π)–area (A) isotherms
The π–A measurements were carried out using a 10 × 90 cm
Langmuir trough equippedwith aWilhelmy balance (NimaTechnology,
Cambridge, UK). About 1 mM lipid mixture in chloroform/methanol
(2/1 v/v) were gently deposited onto PIPES buffer subphase with
the Hamilton micro syringe, precise to 1.0 μL. After ~10 min spreading
of the solution and evaporation of solvents, the lipid ﬁlms were com-
pressed continuously by closing barriers at a rate of 5 cm2·min−1
while monitoring both π and A until collapse of the lipid ﬁlm (Nima
Technology, Cambridge, UK). The temperature was kept constant at
20 ± 0.5 °C. The resistivity of ultrapure water was 18.2 MΩ·cm and
the surface tension of ultrapure water was 72.3 ± 0.2 mN·m−1
(measurements performed usingWilhelmy plate method). Each exper-
iment was repeated at least 2 times.
2.5. Langmuir–Blodgett (LB) ﬁlms
For monolayer preparation, lipid ﬁlms were prepared as described
above, at 20 °C, on a 7 × 30 cm Langmuir trough (Nima Technology).
After evaporation of the solvent, the lipid ﬁlms were compressed
at a rate of 5 cm2·min−1 to reach a constant surface pressure of
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membranes [19]. The Langmuir ﬁlm was transferred onto freshly
cleaved mica plate at this pressure π by raising the mica vertically
through the lipid/liquid interface at a rate of 2 mm·min−1. The
transfer ratio was typically 1. Two independent LB monolayers
were prepared for each given lipid composition and kept in a
desiccator for at least 3 days prior to AFM imaging.
2.6. Atomic force microscopy (AFM)
AFM imaging of the LB monolayers was performed in contact mode
using an MFP-3D Bio AFM (Asylum Research, Santa Barbara, CA, USA),
siliconMSNL probes (nominal spring constant k ~0.03 N·m−1— Bruker
Nano Surfaces, Santa Barbara, CA, USA) and loading forces below ~1 nN.
Temperature was 25 °C. The typical scan rate was 0.5 Hz for
256 × 256 pixel images. Up to 10 images of 10 × 10 μm scan size were
recorded at various locations on each sample and were found similar
for a given lipid composition. The images were plane-ﬁtted at order 0,
ﬂattened at order 1 thenplane-ﬁtted again aftermasking of theprotrud-
ing LC domains. Sections were drawn across images to measure the
height difference H between features of the images (i.e. difference in
height between the LC domains and the LE phase). Image analysis was
performed using the particle analysis tool of the Asylum Research soft-
ware in order to count the domains, measure each individual LC domain
area and perimeter and calculate the percent coverage by the LC do-
mains. Statistical analysis (t-test) was performed using Excel
(Microsoft, Redmond, WA, USA).
3. Results and discussion
3.1. Determination of the phase transition temperatures and identiﬁcation
of the lipid phases
The phase transition temperature (Tm) of the polar lipids MSM,
DPPC, POPC, POPE and of the MFGM lipid extract were determined by
DSC in fully hydrated conditions. Upon heating of the MSM
multilamellar vesicles, the DSC thermogram showed an endotherm
with Tm= 34.3 ± 0.1 °C (Fig. 1A), in agreement with Malmsten et al.
[20]. Heating of the DPPC multilamellar vesicles showed the two endo-
therms characteristic of the Lβ′ to Pβ′ transition with Tonset = 34.2 °C
and the Pβ′ to Lα transition with Tonset = 40.8 °C and Tm = 41.1 ±
0.1 °C (Fig. 1A), in accordancewith literature [21]. The DSC experiments
performed in similar conditionswith the polar lipids PC and PE contain-
ing one saturated fatty acid and one unsaturated fatty acid (POPC and
POPE; with P = palmitic acid C16:0 and O = oleic acid C18:1 n-9)
measured a Tm =−4.7 °C for POPC (results not shown) and a Tm =
25.8 ± 0.1 °C for POPE (Fig. 1A). This means that PC molecular species
containing at least one unsaturated fatty acid such as POPC remain in
a ﬂuid phase and then may not contribute to the formation of MFGM
domains at positive temperatures, while POPE could be involved in
the MFGM domains up to room temperature. The Tm of polar lipids
depends on their chemical composition, e.g. both the acyl chains and
the polar head.
For the MFGM lipid extract, a broad endotherm with Tm= 36.4 ±
0.2 °C was recorded on heating and a broad exotherm was recorded
on cooling with Tc = 29.9 ± 0.4 °C, showing a supercooling of 6.5 ±
0.4 °C (Fig. 1A). These broad thermal events result from the large variety
of polar lipids contained in the MFGM lipid extract (MSM, PC, PE, PI, PS
polar lipid species with various acyl chains). The Tm of the complex
MFGM mixture was intermediate between those of the MSM and the
DPPC, but closer to the former in coherence with their relative
proportions.
XRD experiments performed onMSMandMFGMpolar lipid bilayers
for T b Tm and T N Tm allowed characterization of the mesophases
(Fig. 1B). For T = 6 °C b Tm, small angle XRD patterns showed rings of
diffraction characteristics of a lamellar structure, with a thickness d =72 Å forMSMand d=80Å forMFGM.Wide angle XRD patterns record-
ed forMSM showed a single peak located at q=1.525 Å−1 (d=4.17 Å)
and characteristic of the hexagonal packing of the fatty acid chains in
the gel phase. The small peak recorded for the MFGM lipid extract at
q = 1.505 (d = 4.12 Å) was interpreted as the coexistence of a gel
phase and a Lα phase. For T = 60 °C N Tm, small angle XRD patterns
showed large rings of scattering, corresponding to lamellar structures
with a thickness d = 66 Å for MSM, in agreement with [20], and d =
77 Å for MFGM. At this temperature, wide angle XRD patterns showed
scattering (no peak of diffraction) meaning that the polar lipids were
organized in a liquid crystalline state (Lα phase).
The lower thickness of the lamellar structures formed by MSM and
MFGM polar lipids in the Lα phase as compared to the gel phase were
due to variation in the water layer thickness between the bilayers and
to the melting of the fatty acid chains [22]. The higher thickness of the
lamellar structures found in MFGM bilayers as compared to MSM
were attributed to differences in the acyl chain length and a higher
swelling capacity due to the presence of anionic polar lipids (PI and
PS) in the MFGM lipid extract while MSM is a zwitterionic sphingolipid
[22].
Structural analysis of the MSM and MFGM polar lipid bilayers
performed using XRD revealed that the endothermic event recorded
with DSC corresponded to a gel to Lα phase transition. From these
experiments, we can conclude that the high Tmmilk polar lipids (main-
lyMSM, the saturated phospholipids such as DPPC but also some unsat-
urated phospholipids such as POPE) are responsible for the gel to Lα
phase transition occurring in the MFGM lipid extract and that they
play a major role in the formation of a gel phase for T b Tm= 36.4 °C.
A schematic representation of MSM or MFGM polar lipid bilayers in
the gel phase (for T b Tm) and Lα phase (for T N Tm) is proposed in
Fig. 1A. As a result of the high chemical complexity of the MFGM lipid
extract, i.e. mixture of saturated and unsaturated polar lipids, the lateral
segregation of high Tm polar lipids in the gel phase may occur (Fig. 1A,
right). For T b Tm, the lipid–lipid hydrophobic interactions of these high
Tm polar lipids are responsible for their segregation in the plane of the
membrane to form domains surrounded by the ﬂuid phase, as already
reported in the MSM/DOPC binary mixture [14]. Hence, this value of
Tm= 36.4 °C is important to better understand the potential functions
of the lipid domains revealed in the MFGM. For temperatures T b Tm=
36.4 °C, corresponding to dairy industry processing and to storage of
dairy products in the refrigerator, high-Tm lipids of the MFGM are in a
gel phase. Temperatures T N Tm = 36.4 °C are also important from a
biological point of view since they include the physiological body tem-
perature during which occur the mechanisms of milk fat globule
secretion from the mammary epithelial cells or the digestion of milk
fat globules in the gastrointestinal tract performed by lipases, phospho-
lipases and sphingomyelinase to produce interesting metabolites. The
role played by the physical state of theMFGMpolar lipids on the adsorp-
tion mechanisms and hydrolytic activity of the enzymes remains to be
elucidated.
3.2. Condensing effect of the cholesterol onto the MFGM lipid extract
The lateral segregation of lipids was investigated in monolayers,
for T = 20 °C b Tm of the MFGM polar lipids, at a surface pressure
π= 30 mN·m−1 which seems biologically relevant for the MFGM in
reference with that of cell membranes [19]. Also, the role of cholesterol
on the structural characteristics of the lipid domains was investigated
since cholesterol is known to be a modulator of the physical properties
of biological membranes. Compression isotherms of MFGM, of MFGM/
cholesterol mixtures, and of cholesterol alone were obtained at the
air/PIPES buffer interface to investigate lipid interactions and packing.
The MFGM lipid ﬁlm showed a smooth increase in surface pressure
from 13 × 1019 Å2·mg−1 lipids onwards (Fig. 2A).
These results were similar to those reported by Gallier et al. [12] on
complex mixtures of milk polar lipids. At 30 mN·m−1, the average
Fig. 1. Thermotropic and structural properties of polar lipids. (A) Differential scanning calorimetry (DSC) thermograms of multilamellar vesicles prepared with milk sphingomyelin
(MSM), dipalmitoylphosphatidylcholine (DPPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and the milk fat globule membrane polar lipids extract (MFGM) in
PIPES buffer at pH 6.7, to characterize the phase transition of lipids as a function of temperature as pictured (right part of the ﬁgure). The melting temperature of polar lipids is indicated
as Tm. (B) Identiﬁcation of the lipid phases inmultilamellar vesicles of MSM andMFGMpolar lipids (in PIPES buffer at pH 6.7), performed by small (left) and wide (right) angle synchro-
tron radiation X-ray diffraction at temperatures below (T = 6 °C) and above (T = 60 °C) the melting temperature Tm of polar lipids as previously determined by DSC.
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0.4 Å2·molecule−1 (7.4 × 1019 Å2·mg−1 lipids). Upon compression,
the 100 mol.% cholesterol ﬁlm remained in a gas phase down to below
6 × 1019 Å2·mg−1 lipids, until pressure sharply increased, showing
that the planar and rigid structure of the molecules almostinstantaneously highly packed (Fig. 2A). The mean molecular area
did not change drastically during compression, indicating that orienta-
tion of the cholesterol molecules was essentially constant [23]. At
30 mN·m−1, the average area occupied by one cholesterol molecule
was 35.9 ± 0.1 Å2·molecule−1 (5.5 × 1019 Å2·mg−1 lipids), in
Fig. 2. (A) Pressure–area (π–A) compression isotherms of milk fat globule membrane (MFGM) lipid monolayers containing 0 to 26.8 mol.% of cholesterol in the total lipids, and of 100%
cholesterol as a control, at the air-PIPES buffer interface. The milk-sphingomyelin (MSM)/cholesterol molar ratios were 100/0, 85/15, 75/25 and 50/50 in the 0, 6.1, 10.9 and 26.8%
cholesterol samples, respectively. Traceswith the same color indicate repetitions. All isothermswere recorded at 20 °C. Arrows indicate a change in the slope occurring in presence of cho-
lesterol. (B) Change in the molecular area of lipids as a function of the proportion of cholesterol present in the total sample, at 30 mN·m−1 surface pressure (dashed line in A). Inserted
ﬁgures show 3D representations of 10 × 10 μm2 × 6 nm AFM images of Langmuir–Blodgett monolayers with MSM/cholesterol ratios of 100/0, 85/15 and 50/50 mol·mol−1, described in
Fig. 3.
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cholesterol added in theMFGM lipidmonolayers, theMFGM/cholester-
ol ﬁlms showed a similar smooth increase in surface pressure upon
compression, comparable to the cholesterol-free MFGM monolayer. A
change in the slope of π–A curves near 40 mN·m−1 was only visible
in the presence of cholesterol, which was more pronounced and
occurred at lower surface pressure as cholesterol increased from 6.1 to
26.8 mol.%. in the total lipids (Fig. 2A). This could be interpreted as a
change in the tilt of the hydrophobic tails from the normal to the
interface, and to reorganization of the polar heads of polar lipids at
the buffer/air interface leading to a decrease in the mean area, induced
by the presence of cholesterol in the monolayers [16]. The results also
showed that (π–A) isotherms of MFGM/cholesterol mixtures were
shifted to lower speciﬁc areas as compared to the MFGM isotherms.
Values of the speciﬁc area (Å2 per molecule of lipid) were calculated
from the isotherms at 30 mN·m−1 and compared to the areas of ideal
mixtures (Aideal-mixture) estimated with the equation:
Aideal‐mixture ¼ AChol x XChol þ AMFGM x 1‐XCholð Þ;where AChol and AMFGM are the mean speciﬁc areas of the cholesterol
and MFGM lipids at 30 mN·m−1 respectively and XChol the molar
fraction of cholesterol in the monolayer. The results showed that the
addition of cholesterol to the MFGM lipid extract resulted in a negative
deviation from ideal additivity (Fig. 2B). This provided evidence of
miscibility of the molecular species with attractive forces between the
molecules [25], leading to a condensing effect of the cholesterol on
the milk polar lipids [24,26]. For the ﬁrst time, we therefore report a
condensing effect of cholesterol onto the complex lipid mixture of
MFGM. This condensing effect has been reported on sphingomyelin
[13,24] but also on other phospholipids, e.g. saturated or unsaturated
PC [16,27]. On the other hand, cholesterol can have an expansing effect
on somePE [28]. Cholesterol barely interactswith unsaturated fatty acid
chains, preferably interacts with PC phospholipids rather than with PS,
PE and PI; and ﬁnally interacts most favorably with sphingomyelin
than with DPPC [13,29,30]. Due to this preferred interaction of the cho-
lesterol with sphingomyelin, the condensing effect is reported in
complex SM/PC/PE/PSmixtures [15,16], in agreementwith the present-
ed results.
Fig. 3. Typical 10 × 10 μm AFM height images and corresponding typical 10 μm cross-sections of Langmuir–Blodgett monolayers of milk fat globule membrane (MFGM) lipid extract
containing 0 to 26.8 mol.% of cholesterol in the total lipids: (A) 0 mol.%, (B) 1.9 mol.%, (C) 3.9 mol.%, (D) 6.1 mol.%, (E) 8.4 mol.%, (F) 10.9 mol.%, (G) 16.5 mol.% and (H) 26.8 mol.%
cholesterol. The corresponding MSM/cholesterol molar ratios respectively were (A) 100/0, (B) 95/5, (C) 90/10, (D) 85/15, (E) 80/20, (F) 75/25, (G) 65/35 and (H) 50/50. The right
panel in (B) is a 3 × 3 μm image showing punctures in the domains. The height difference H between the domain and the continuous phase of the images is also illustrated in (B).
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the role of cholesterol
In order to investigate the lateral segregation of MFGM polar lipids
and the role of cholesterol, LB ﬁlms were prepared at 30 mN·m−1 and
imaged using AFM. Fig. 3 shows typical images and cross-sections ob-
tained on MFGM lipid samples with increasing addition of cholesterol.
In the absence of cholesterol, the MFGM monolayers showed lipid
phase separation with the formation of domains (higher therefore ligh-
ter area in the AFM images presented Fig. 3). Several pieces of evidenceallow one to assign the high level domains to high-Tm polar lipids (i.e.
MSM, DPPC and POPE), and the lower level to the ﬂuid phase of low
Tm unsaturated polar lipids. First, high-Tm polar lipids contained in
the MFGM lipid extract are in a gel phase at 20 °C (Fig. 1). Second,
previous studies reported that SM and DPPC exhibit a liquid condensed
(LC) phase at π= 30 mN·m−1 [16,31] and form domains higher than
the ﬂuid matrix [31]. Third, the height measured between the light
domains and the matrix was H = 1.5 ± 0.2 nm (Fig. 4B), which is
close to the value reported for phase-separated MSM/DOPC LB ﬁlms
[14]. Fourth, the predominance of MSM in the MFGM lipid extract
Fig. 4.Morphological parameters quantiﬁed from AFM images of monolayers preparedwith amilk fat globulemembrane (MFGM) lipid extract with various concentrations of cholesterol
(expressed in % in the total lipids). (A) Average area of the liquid condensed (LC) domains, (B) average height differenceHmeasured between the LC domains and the continuous liquid
expanded phase. The corresponding milk sphingomyelin/cholesterol molar ratio ranged from 100/0 to 50/50. At 0 to 4 mol.% cholesterol in the total lipids, two populations of domains
were visible, with distinct average areas but similar H.
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phase MSM domains in MSM/DOPC (50/50 mol.%) monolayers [14]
strongly suggested that MSM was the main component of the domains
formed in the present MFGM lipid monolayers. Hence, the domains
formed in the MFGM lipid monolayers were assigned to LC phase
domains composed of high Tmmilk polar lipids surrounded by a liquid
expanded (LE) phase composed of unsaturatedmilk polar lipids. MFGM
lipid monolayers exhibited a majority of large 1-μm2 LC domains, as
well as a number of smaller, ~0.02 μm2 LC domains (Figs. 3A, 4A). The
height difference, H, between the LC domains and the continuous LE
phase was set at 1.5 ± 0.2 nm, whatever the area of the domains
(Fig. 4B). Hence, the coexistence of large and small LC domains couldFig. 5.Molecular scheme of the Langmuir–Blodgett lipid monolayers formed at 30 mN·m−1 w
(bottom) of cholesterol. LC: liquid-condensed phase, LE: liquid-expanded phase, MSM: milk s
phosphatidylinositol, PS: phosphatidylserine, Tm: melting temperature of polar lipids, H: aver
thickness of the LE phase, in absence or presence of cholesterol.result from differences in the lateral diffusion of molecules, e.g. individ-
ual molecular species of MSM and PC.
At low addition of cholesterol, namely 1.9 and 3.9 mol.% in the total
lipids (MSM/chol of 95/5 and 90/10 mol·mol−1 respectively), two
populations of large (μm2-scale) and small LC domains (tenths of
μm2 — Fig. 4A) were visible. However, the average area and number of
the small domains increased in comparison to the cholesterol-free
MFGM lipid monolayers, while the number of large domains decreased
(Fig. 3B and C). In the meantime, H decreased to 1.4 ± 0.1 nm (p b
0.001). Noteworthy, the large LC phase domains presented punctures,
better visible in the zoomed right panel of Fig. 3B. Image analysis
showed that the percent coverage of images by LC phase domainsith a milk fat globule membrane (MFGM) lipid extract in absence (top) and in presence
phingomyelin, DPPC: dipalmitoylphosphatidylcholine, PE: phosphatidylethanolamine, PI:
age height difference measured between the LC domains and the continuous LE phase, d:
2315A.V.R. Murthy et al. / Biochimica et Biophysica Acta 1848 (2015) 2308–2316decreased from over 20% (chol free) down to ~15% (3.9mol.% of choles-
terol in total lipids). As the percentage of cholesterol increased further,
MFGM lipidmonolayers exhibited one single population of increasingly
smaller, shorter and more numerous LC phase domains (images and
sections in Fig. 3D–H). The average area and height difference H of the
LC phase domains respectively decreased from ~0.1 to 0.01 μm2 and
from 1.3 ± 0.1 to 1.0 ± 0.2 nm as the added cholesterol increased
from 15 to 50 mol.% to the MSM (p b 0.001 — Fig. 4A, B). Meanwhile,
the calculated percent coverage of the images decreased from ~15 to
10%. Reduction in the percentage coverage by the LC phase domains
with increasing cholesterol addition further suggested that the
condensing effect of the cholesterol observed during compression
(Fig. 2) preferably takes place in the LC phase domains. Finally, calcula-
tion and addition of the perimeters of the LC phase domains showed
that the total length of the phase boundary increased ~1.7 fold as the
cholesterol increased over 20 mol.%. to the MSM. Dispersion of the
segregated high Tm lipid–cholesterol complexes into numerous small
LC phase domains probably resulted from the reduced line tension
between the continuous LE phase and the dispersed LC phase [13]
and/or from a modiﬁed nucleation and/or growth of the high Tm lipid
LC phase domains as a function of cholesterol concentration. The
decrease in the height difference H between the LC phase domains
and the LE phase could result from a thickening of the LE phase in pres-
ence of cholesterol and from a decrease of the tilt of the hydrocarbon
tails of saturated polar lipids from the normal to the interface [16].
Fig. 5 shows a schematic representation of MFGM polar lipid molecules
in the LB monolayers in the absence or presence of cholesterol.
The changes in the morphology of the LC phase domains and the
decrease in Hmeasured for MFGM lipid extract monolayers as a func-
tion of the addition of cholesterol are in agreement with previous
work performed with MSM/DOPC and MSM/DOPC/cholesterol [14].
Also, previous reports showed that LC phase domains formed in LB
monolayers of brain-SM/DOPC or brain-SM/POPC had lower H and
increased tortuosity (decreased line tension) upon addition of choles-
terol [32–34]. In these model systems, the signiﬁcant decrease in
average LC phase domain area occurs beyond molar SM/cholesterol
ratios of 75/25 or 66/33 (20–25 mol.% cholesterol over the total lipids
in SM/POPC/cholesterol 3/1/1 and SM/DOPC/cholesterol 1/1/0.5 — [33,
34]). A lower limit of MSM/cholesterol ratio of 90/10 mol·mol−1
(3.9 mol.% cholesterol of the total lipids) was found in MFGM
monolayers, thus suggesting a speciﬁc sensitivity of the natural MFGM
lipid extract to cholesterol, when compared with binary mixtures.
Reductions in H values and line tension between LC phase domains
and the LE phase are interpreted to result from the ﬂuidizing effect of
the cholesterol on the MSM (and to a lesser extent, on DPPC — [35]).
This structural role played by cholesterol on MFGM lipid monolayers
could have consequences on the functioning of the biological
membrane surrounding milk fat globules, including the adsorption
and activity of enzymes (e.g. involved in the mechanisms of milk lipid
digestion).
4. Conclusions
The biological membrane surrounding fat globules in milk is a
complex mixture of polar lipids, among them high Tm polar lipids
(milk sphingomyelin, saturated phospholipids such as DPPC, unsaturat-
ed polar lipids such as POPE). For the ﬁrst time, it was shown that
cholesterol strongly affected the organization of theMFGM lipid mono-
layers by i) condensing the polar lipid molecules, ii) decreasing the
difference in height between the LCphase domains and the surrounding
LE phase (from 1.5 down to 1 nm), and iii) promoting the formation of
numerous small LC phase domains. These results were interpreted in
the view of the ordering effect of cholesterol, which modiﬁes the phys-
ical state of high Tmmilk polar lipids, and in view of the likely effect of
cholesterol on nucleation of LC phase lipid domains. The clear and
signiﬁcant impact of cholesterol on the structural properties of MFGMlipid monolayers raises questions on the trafﬁcking of cholesterol in
the biological membrane surrounding the fat globules in milk or in the
original plasma membrane of the lactating mammary cell. Also, the
functional consequences remain to be elucidated, e.g. insertion ofmem-
brane proteins or adsorption of enzymes at the LC domain/LE ﬂuid
phase boundary due to lower line tensions. Further research is needed
to address these issues. The present results also open perspectives for
the better formulation of milk polar lipids as functional ingredients.
Indeed, the physical state and lateral phase separation of milk polar
lipids in the MFGM, in liposomes or at the surface of emulsions is likely
to impact their functional applications in dairy products, or to impact
their ﬁnal digestibility.Transparency document
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